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PREFACE 


The  prototype  tests  described  in  this  report  were  conducted 
during  the  period  28  March  through  1 April  1977  by  personnel  of  the 
Hydraulics  Laboratory  (HL),  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES),  for  the  U.  S.  Army  Engineer  District,  Baltimore,  and 
Office,  Chief  of  Engineers,  U.  S.  Army. 

Acknowledgement  is  made  to  the  individuals  of  the  Baltimore 
District  who  contributed  substantially  to  the  completion  of  these 
tests.  Mr.  T.  L.  Fagerburg,  hydraulic  engineer.  Prototype  Branch,  HL, 
was  Project  Engineer.  This  report  was  prepared  by  Mr.  Fagerburg  under 
the  supervision  of  Mr.  E.  D.  Hart,  Chief,  Prototype  Branch;  Mr.  E.  B. 
Pickett,  Chief,  Hydraulic  Analysis  Division;  and  Mr.  H.  B.  Simmons, 
Chief,  HL,  all  of  WES. 

COL  J.  L.  Cannon,  CE,  was  Commander  and  Director  of  WES  duritig 
the  course  of  the  study  and  the  preparation  of  this  report.  Mr.  F.  R. 
Brown  was  Technical  Director. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (Si) 
UNITS  OF  MEASURI>1ENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be 
converted  to  metric  (Sl)  units  as  follows: 


Multiply 

cubic  feet  per  second 


feet  per  second 
gallon  (U.  S.  liquid) 
inches 

miles  (U.  S.  statute) 

pounds  (force)  per 
square  foot 


0.02831685 

0.30i*8 

0,30148 

3.785I4I2 

25. >4 

I.6093I4I4 
I4T . 38026 


To  Obtain 

cubic  metres  per 
second 

metres 

metres  per  second 
cubic  decimetres 
millimetres 
kilometres 
pascals 


SPILLWAY  VELOCITY  MEASUREMENT  AND  FLIP  BUCKET  TRAJECTORY 
Raystown  Dam,  Juniata  River,  Pennsylvania 


PART  I : INTRODUCTION 


Pertinent  Features  of  the  Project 


1.  Raystown  Dam  (Figure  l)  is  a major  element  in  the  Susquehanna 
River  Basin  flood  control  system.  Project  purposes  include  providing 
flood  control  and  downstream  flow  augmentation,  as  well  as  related 
benefits  such  as  public  recreation  and  enhanced  fishery. 

2.  The  structure  is  on  the  Raystown  Brancn  of  the  Juniata  River 
approximately  12.0  miles*  south  of  the  city  of  Hiontington,  Pennsylvania 
(Figiure  2).  The  project  layout  is  shown  in  Plate  1.  The  reservoir 
extends  almost  27  miles  upstream  of  the  dam. 

Description  of  the  Structure 

3.  The  dam  is  a rock-  and  earth-fill  struct\ire  1700  ft  long  that 
extends  225  ft  above  the  streambed.  The  spillvay  consists  of  two  ii5-ft- 
wide  chutes  separated  by  a smaller  8-ft-wide  by  7-ft-high  rectangular 
warmwater  chute.  The  spillways  are  controlled  by  U5-ft-high  by  lt5-ft- 
wide  conventional  tainter  gates  and  have  a crest  elevation  of  768.6** 
Flows  in  warmwater  chute  are  controlled  by  a It-ft  9-in.  by  6-ft  9-in. 
vertical  slide  gate.  The  intakes  for  the  warmwater  chute  are  located 

in  the  upper  pool  at  el  766. 0 and  750.0.  The  water  is  drawn  from  these 
different  elevations  for  the  purpose  of  controlling  the  water  tempera- 
ttire  in  the  downstream  channel.  The  high  walls  surrotinding  the  warm- 
water  chute  and  the  spillway  contain  the  flow  and  allow  the  flip  bucket 
to  throw  the  flow  away  from  the  base  of  the  spillway. 


* A table  for  converting  U.  S.  customary  units  of  measurement  to 
metric  (Sl)  units  is  given  on  page  3. 

**  All  elevations  (el)  are  in  feet  referred  to  mean  sea  level  (msl). 
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Purpose 

. At  the  request  of  the  U.  G.  Array  Eiih’ineer  District,  Ihiltiraore, 
the  U.  S.  Army  Engineer  Wnterwnys  Experiment  Station  (WES)  conducted  a 
series  of  spillway  operation  tests  at  Kaystown  Ihim.  Specific  objectives 
of  these  tests  were  as  follows: 

a.  Study  boundary  layer  development  on  the  spillway  and 
warmwater  chutes. 

b.  Determine  the  equivalent  sand  grain  roughness  of  the 
spillway  surface. 

£.  Determine  the  water  surface  pi'ofiles  on  the  spillway  for 
vai'ious  discliarges. 

d.  Derive  the  flip  bucket  characteristics  from  the  field 
data. 

5.  Very  little  information  is  available  on  the  iVll-scfile  perfor- 
mance of  controlled  spillways.  The  information  gathered  at  F^aystown  is 
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two  ynvl'3.  The  first  sot  of  tests  (1-1*)  was  coiiduotod  on  flows  in  tlie 


warmwator  oiiute  mui  oonsisttd  of  t)io  followint-t  measurements: 

a^.  i ressure  differentiiil  measurements  between  atmospiieric 

pressure  and  the  ten  total  head  tubes  on  eacli  of  the  four 
veloeity  probe  assemblies  in  tlie  clmte  (Flute  2).  (De- 
tails of  the  veloeity  probe  are  presented  in  paivi(.:raph  9*  ) 

b.  Fhoto^traphs  and  measurements  of  water  surface  elevations 
at  four  locat ions  down  the  warmwater  chute  (Plate  3). 

Feterminat ion  of  the  characteristics  of  the  flip  bucket 
trajectory  from  photo^traphs  taken  duririft  the  tests. 

Vea.u'rt'ments  of  (l)  pool  elevation,  (2)  tailwater  eleva- 
tion, (3)  ftatt'  opening,  and  (U)  discharge. 

The  second  set  of  tests  (?-8)  was  conducted  in  the  left  spill- 
way chute  (looking  downstream)  and  consisted  of  the  following: 

a.  Measurement  of  pressure  differentials  between  a reference 
pressure  and  tl:e  ten  total  liead  tubes  on  each  of  the  five 
velocity  probe  assemblies  in  the  left  spillway  (Plate  2). 

b.  Photographs  and  meas\iroments  of  water  surface  elevations 
at  10  locations  down  the  spillway  (IMate  3). 

£.  Determination  of  tt:e  characteristics  of  the  flip  bucket 
trajectory  from  photographs  taken  during  the  tests. 

d.  Measurements  as  described  in  paragraph  bd. 
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FART  II:  TEST  FACILITIES  AND  EQUIPMENT 


Mounting  Boxes 


8.  During  construction  of  the  diun,  13  mounting  boxes  for  veioc- 
i'.’.y  probes  were  installed  in  the  spillway  floor  (Plate  2).  Boxes  1,  2, 
3,  ^4,  and  13  were  designated  for  pressure  measurements  in  the  left 
spillway  chute;  boxes  5,  6,  T,  and  8 were  used  in  the  warmwater  chute. 
Boxes  d through  12  were  used  only  for  access  to  the  woi-mwater  chute 
velocity  probe  tubing.  Conduits  connecting  the  spillway  mounting  boxes 
were  used  to  pass  the  tubes  from  the  velocity  probes  to  the  recording 
area  located  in  the  manometer  well  adjacent  to  the  left  training  wall. 


Velocity  Probes 


9.  The  velocity  probe  assemblies,  designed  tmd  fabricated  at 
WES,  were  used  to  measure  pressure  at  10  points  rtuiging  from  1/2  to 
11-1/i*  in.  vertically  above  the  spillway  face.  Figure  3 presents  a 
velocity  probe  before  and  after  assembly.  Stagnation  pressures  are 
transmitted  by  the  eight  short  tubes  through  the  plastic  lines  to  a 
recording  location.  Each  of  the  two  long  (pitot),  tubes  on  each  probe 
encases  a dual  line  for  stagnation  and  static  pressures.  The  velocity 
head  was  obtained  from  the  difference  between  the  stagnation  and  static 
pressures . 

10.  The  gates  to  both  the  spnllway  tmd  the  warmwater  chutes  were 
closed  to  allow  access  of  men  and  equipment.  The  cover  plates  were 
removed  from  all  of  the  raoimting  boxes  and  pull  wires  were  installed  for 
pulling  the  plastic  liydraulic  lines  through  the  embedded  conduits  (Fig- 
ure i*).  The  instruments  were  installed  first  in  the  warmwater  chute 
(Figure  5),  tuid  the  leads  from  each  probe  terminated  in  the  nearby 
boxes  (9-12,  Plate  2)  in  the  left  spillway  chute  (left  refers  to  lei't 
side  of  the  spillway  when  viewed  in  a downstream  direction). 
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Figure  3*  Spillway  velocity  probes  (one  assembled  and  one  disassembled) 


PLASTIC  TUBING 


PEMOVED__ 
COVER  PLATE 


MdUNTING  BOX 


SPILLWAY  FLOOR 


Figure  It.  Plastic  tubing  extending  from  the  embedded  conduit 
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liir.tnl  lilt. ion  of  1 natrumonta  in  t.ho  wnrniwnt.cr  olmt.o 
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11.  I’reaauroG  from  oivch  line  of  eiioli  velocil.y  probe  were  reeordeii 
foi*  ill  t.est.n.  Tlie  atiitic  ntui  r>t,!ij:^nfiti  on  prcaaurea  were  meiianred  wit.li 
11  lii  f fcronlinl  mercury  mnnometer.  DuriiiK  t.eat.a  1-1|  in  l.lie  wiirmwiiti'r 
oliut.e,  tlio  reiidinRG  were  taken  from  ii  manometer  net  up  in  t.lie  left 
spillway  cliute  near  tlie  eori'enpoiul i rifC  aeeesr.  mi’>unlinK  I'ox.  A special 
manometer  stand  (Kij^urc  6)  was  used  tint  allowed  tlie  manometer  base  to 
bo  leveled  on  t.lie  steep  slope.  Tlie  pressures  measured  durin^';  t.be  warm- 
water  chute  tests  were  referenced  to  atmospheric  pressure  (one  lep  of 
t.he  manometer  open  to  the  atmosphere).  The  pressures  recorded  for 
tests  ‘3-0  were  measured  in  the  maiu'met  er  well  (I'late  .'^)  where  a mani- 
fold system  was  arranped  to  separate  the  probes  and  their  hydraulic 
lines.  A reference  pressure,  createil  by  fillinp  a ''‘'-pal  drum  with 
water  and  placinp  it.  at  a specified  elevation,  was  applied  t).’  the 
opposite  side  of  t.he  manomet.er.  'i’his  reference  pressuiu',  which  was 
always  less  than  the  pooi  pressure,  was  moved  to  various  Si'lecti'd 
eievat.lons,  when  necessary,  to  prevent  over-ranpinp  I hi'  matu'meter. 


WARMWATER  CHUTE 
TRAINING  WALL 


Kif-^uro  6.  Pownstreiuii  view  of  adjustable  manometer  stand 


Other  Measurement 


12.  Water  surface  elevations  were  measured  In  both  test  chutes 
for  all  appropriate  tests,  Staff  pages  (Figure  T)  were  painted  on  the 
inside  wall  of  each  test  clmte.  Plate  3 shows  the  locations  of  the 
staff  gages  for  both  chutes.  Photographs  were  taken  of  the  flip  bucket 
trajectory  (Figure  8)  for  all  tests.  Those  pliotographs  were  used  to 
determine  the  height  and  length  of  the  trajectory  for  various  discharges 
and  tailwater  elevations.  The  II.  S.  Geological  Purvey  obtained  the  dis- 
charge measurements  during  the  tests,  utilizing  the  velocity-area  metliod 
of  discliarge  determination.  The  location  for  the  measurements  was  ap- 
proximately one-half  mile  downstream  of  the  dam  at  a permanent  stream 
gaging  station. 
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Kiivure  . 'I’ypieai 


F’iflure  8 


I’hotOf'raph  of  l.lie  flip  bucket  trajectory 
p()le  in  fore;;rouiul . ) 


/ 1 

I. 

i . • r 

naiw'i7A'j.i!infl 

PART  iri:  TFOT  CONDITIONS  AND  PRCX^KDURU' 


Teat  Condi  tioiia 

13.  Aa  mentioned  previoualy,  eight  teata  were  eonducted  in  two 
pni'ts  (\t  Rnyatuwn  Diun.  In  tlie  t'irat  four  testa  (wnrmwuter  eluite),  mea- 
aurements  were  made  of  pressure  profiles  (for  lietei'mini ng  veloeity 
profiles),  water  surface  elevations,  and  discharge.  Teat-a  'i-R  were 
conducted  in  tiie  left  spillway  chute  and  ttie  same  types  of  measurements 
were  made.  The  following  tabulation  list.a  ttie  teat  conditions: 


Test 

No. 


Gate 
Open i ng 
ft 


Di  scliarge 
c f s 


I’oo  ] 

Klevation 
ft  ma.l 

Warmwater  Cliute 


Tai Iwater 
Elevation 
ft  msl 


1977 

Date 


T i mo 


1 

7.0» 

11*60 

787 . 00 

602.87 

1-28 

1650 

2 

3.8 

731 

787 . 22 

601.83 

3-20 

0000 

3 

2.6 

1*1*6 

787.70 

601 . IS 

3-29 

11*30 

14 

1.0 

183 

787 . 88 

600.66 

3-30 

0030 

Left- 

Spillway  Chute 

5 

2.1 

1906 

788.00 

603.50 

3-30 

lliOO 

6 

1*970 

788.12 

t^06 . 08 

3-31 

1 2S0 

T 

8.8 

781*2 

788.02 

607 . ‘J8 

3-31 

16  30 

8 

15.0 

12,1.78** 

787 . 00 

610. '>1* 

li-l 

0000 

* Full  open. 

**  Uncontrolled  flow. 


Teat  t'rocedures 

ll».  Procedures  for  tests  1-lt  were  aa  follows: 

II.  Close  gates  to  warmwat.er  cliute;  remove  covei'  plates  and 
install  velooit.y  probes. 

b^.  Open  the  wamwater  slide  gate  t.o  iibt.ain  desired  discharge 

£.  i'urge  air  from  all  lines. 

Open  each  line  of  each  velocity  probe  assembly  (sepa- 
rately) and  record  t.he  differential  of  the  mercury 
manometer . 


Record  the  elevation  of  the  manometer  on  the  spillway. 

£.  Photograp)>  and  record  the  water  surface  elevation  in  the 
warmwater  chute  at  the  staff  f;ages. 

Photograph  the  flip  bucket  tra.iectory. 

h^.  Record  the  upper  and  lower  pool  elevations,  gate  opening 
height,  and  discharge  rate. 

15.  Procedures  for  testa  5-8  were  the  following: 

a.  Close  gates  to  the  waj'mwater  chute,  remove  velocity 
probes,  and  install  them  in  left  spillway  chute. 

Open  the  tainter  gate  to  the  desired  position. 

c_.  Pui'ge  ail'. 

d.  Open  each  line  of  each  velocity  probe  assembly  (sejia- 
rately)  and  record  the  differential  of  the  mercury 
manometer . 

£.  Record  the  elevation  of  the  water  surface  in  the  refer- 
ence pressure  barrel . 

Photograph  and  recoi'd  the  water  surface  elevation  in  tiie 
spillway  chute  at  tlie  staff  gages. 

Photograph  the  flip  bucket  trajectoi'y. 

l\.  Record  tlie  upper  and  lower  pool  elevations,  gate  opening 
height,  and  disciiarge  rate. 
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E’ART  IV:  TElIT  RRUILIV  AND  ANALYSIS 


Velocity  IVol'iles 


Velocity  calculations 

16.  The  velocity  for  encti  stiigtmtion  pressure  tube  wns  oivlculated 
from  the  total  liead  measurements  obtained  from  tlie  manometer  reading's. 
Static  pressures  from  the  side  ports  of  the  two  pitot  tubes  were  in- 
adequate to  purj:ce  tile  piezometer  lines;  therefore,  tliese  pressures  were 
not  recorded.  A hydrostatic  pressure  distribution  was  assumed.  Tlie 
resulting  velocity  values  are  sliown  in  Tables  1 and  2. 

Velocity  distribution 

17.  Tile  velocity  profiles  at  various  test  discharges  Q*  at  tlie 
probes  for  both  sets  of  tests  are  presented  in  I'lates  It  and  S.  Tlie 
velocity  distributions  are  well  represented  by  a logaritlimic  equation. 
The  best  fitting  logaritlimic  curves  for  the  data  were  determined  by  the 
method  of  least  squares.  The  cm'ves  are  of  the  form 


II  = a y + b 


where 

U = local  velocity 

y = vertical  distance  above  the  chute  floor,  ft 
a,b  = dimensional  constant.s 

18.  The  equivalent  sand  grain  roughness  and  t.lie  variation  of 

boiuuiary  shear  stress  along  the  spillway  surface  are  of  consider- 

able interest.  However,  in  order  to  estimate  K and  t for  the  test 

s o 

data,  some  analogy  must  be  inferred  between  the  flow  over  the  spillway 
crest  and  the  flow  in  a more  thoroughly  researched  situation.  Throe 
such  analogies  and  the  resulting  values  are  described  in  the  following 
paragraphs . 


* Kor  convenience,  symbols  and  unusual  abbreviations  are  listed  and 
defined  in  the  Notation  (Appendix  A). 


IQ.  Rough-pipe  velocity  diatrlbution.  The  roupli-pipe  veloeit.y 
I 2 

distribution  law  ’ states  ttmt 


- A log 


10  K 


+ H 


(2) 


s 


wtiere 


A,R 

U 


dimensionless  constants 
local  velocity,  ft/seo 


U*  » shear  velocity,  ft/sec  = -p—  wtiere  Tq  is  tlie  boundary  shear 
stress,  Ib/rt^  and  p is  the  fluid  density,  slugs/ft^ 

y = distance  from  the  wall,  ft 

K,  = eiiuivalent  sand  grain  rougtiness,  ft 

it 

For  Kquatlon  1 to  be  identical  to  Equation  2 


a = A U» 


and 


b = U* 

(B  - A logj^Q 

Wlie!) 

the  rough-pipe 

values  of 

A and  B,  5-7^ 

and  B.S  respectively,  are 

assumed  to  apply  to 

the  spillway,  then  U* 

may'  be  evaluated  from  Equa- 

tion 

1 and  K from  Equation 

s 

These  values  are  li 

sted  below  for 

test 

8 ( free-surfnce,  ungated 

flow) . 

Rough-i'ipe 

Values 

Parameter 

Probe  1 

Probe  2 

I'robe  3 

Probe  It 

a 

12.63 

16.71 

17.12 

17.22 

b 

56.65 

62.06 

bQ.bO 

80.17 

U»,  fps 

2.20 

2.91 

2.98 

2.QQ 

K , ft 
s 

0.00100 

0.00S88 

0.00261 

O.OOObs 

20.  Mooiiy  di 

agram  (established  flow 

analogy). 

The  for  each 

probe  was  also  computed  by  finding  the  resistance  coefficient,  deter- 
mined from  tile  energy  loss  between  each  probe,  njid  using  a Moody  diagram 
to  obtain  a relative  sand  grain  roughness  value  . The  following 

values  of  K were  obtaitied. 


lb 


ft 


Test 

No, 


Probe  1 


Probe  2 


Probe  3 


Probe  k 


5 

6 

7 

8 


0.00032 

0.00032 

0.00022 


0.00365 

0.00920 

0.00106 

0.007U8 


0.00363 

0.00780 

0.00061 

0.003^40 


O.OOUlO* 

O.OO92I4* 

O.OOOI46 

0.00152 


* These  data  believed  inaccurate,  due  to  air  in  velocity 
probe  lines. 


Tile  average  K value  obtained  in  this  manner  was  O.O062  ft. 
s 3 

21.  According  to  Schlichting,  the  equivalent  roughness  decreases 

with  distance  downstream  due  to  the  increasing  tliickness  of  the  boundary 

layer.  Therefore,  the  value  that  would  most  likely  represent  tlie 

surface  of  the  spillway  would  be  the  value  that  is  obtained  where  the 

fully  developed  velocity  profile  occurs.  The  equivalent  roughness  value 

(K  = 0.00152  ft)  obtained  from  data  measured  at  the  furtherest  point 
s 

downstream  of  the  leading  edge  of  the  spillway  during  test  8 is  the 
value  that  is  most  representative  of  the  spillway  surface. 

22.  Rough  flat-plate  analogy.  The  local  skin  friction  coeffi- 
cient c^  is  defined  as 


o'  = 


l/2p  U" 


(5) 


where  is  free  stream  velocity.  For  fully  rough  flow  along  a flat 

plate,  Cj,  is  evaluated  from 

-2 . 5 

c^  = ^2.87  + 1.58  log  (6) 

wJiere  x is  the  distance  downstream  from  the  lending  edge  of  the  plate. 
Combining  Equations  5 and  6 


f/  \~2 

.51  2) 

V*  = .Jl 

/2  f2.87  + 1,58  log 

(7) 

1 

[V  s/ 

. i 
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1 
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When  is  assumed  to  equal  the  velocity  of  the  water  surface*  mid  K 

is  assumed  to  he  a constant  (0.0015^  ft  as  described  in  i'ar!if:raph  21 ) , 
then  the  followinj.*  test  8 values  of  li*  are  obtained  from  Kquatlon  7. 


Kou»;h  Flat-riate  Values 


Parameter 

i'robe  1 

I'robe  2 

Probe  3 

Probe  1* 

X,  ft 

182 

2bd 

358 

1450 

Z,  ft-datum 

7i*5 

722 

b80 

bU3 

i , I'll  s 

52  (55) 

b5  (b5) 

83  (70) 

9b  (80) 

U*,  f|is 

1 . 8b 

2.80 

3.20 

Note:  The  values  in  parentheses  are  directly'  from  velocity 
probe  data;  note  that  at  probes  3 mid  U either  the 
energy  loss  or  the  flow  curvatiu'c  cause  the  ideal- 
flow  values  to  deviate  substantially  from  the  mca- 
sui'cd  values.  Since  tlie  calculated  values  of  I'*  are 
relatively  insensitive  to  the  value  of  , Fqua- 
tion  T appears  to  be  a reasonable  memis  of  estimating 
boundary  shear  until  the  ideal-flow  value  of  l>  be- 
comes  valid. 


boundary  l.ayer  Thickness 


23.  The  theoreticiil  boundary  layer  thickness  6 was  computed 

1. 

according  to  the  following  equation  for  a rough  bed: 


<5  = O.OUujK  X 


IP) 


The  following  t.abulation  lists  llie  c 
at  the  probe  locations  according  to 

K,  = 0.0062  ft 

^ 

Probe  1 Probe  2 Probe  3 Probe 

1.67  2.32  2.db  3.SP 


omputed  K''iUHiary  layer  thicknesses 
the  tW'."'  values  of  K 

s 

K = 0.00152  ft 

lYobe  1 Probe  2 Pi\)be  3 i'robe 
1.35  1.P7  2.3d  2.Po 


Figure  d shows  a plot  of  the  boundary  Ijiyer  thickness  mui  the  measured 
depth  of  flow  d versus  the  length  of  the  spillway  channel,  hydraulic 


* lU  = *'2g(h-")  for  no  energy  loss  at  the  surface  where  g 
eration  due  to  gravity,  h is  elevation  of  upstream  water 
mid  2,  is  elevation  of  tiie  loc.al  water  surface. 


is  accel- 
surface. 


* ■ LOCATION  or  CRITICAL  POINT  AS 
OBSERVED  IN  PHOTOGRAPHS 


300  400  500  *00 

total  lcnctm  to  section,  et 


K 0 . U'l'nt  \ on  o !'  o r i t iv-n I iv  i nt 


Peslf?!!  Critorln  i'ht'ot  lU  jUntt'js  thnt  IT  tlio  v'omputod  Iwinvltir.v 

l;V,voi'  thloknoss  bov'omoi-  Inrj^or  n:'.  t ho  vlopth  of  t'K'w  dov'j'on:>oo. , thojv  tho 
orltloHl  , tho  IntoosJoot. Ion  ot'  tho  wntor  snot'noo  !uul  th.o  l^xinvlnvy 

l.'Vyor,  0!U\  ho  loontovi. 

.?!*.  It  hno*  boon  obssorvod  thvn  vni'iv'uo-  prototypoo.  thnt  tho  first 
ooonrronoo  of  tho  "fo.'vniinft  lino"  or  "whito  wntor"  is  tlint  {vint  V'^iofinovi 
"orltlojvl  {v>lnt")  whoro  ti\o  tvu'bnlont  Itvyor  ronohos  tho  wntor  mirfnoo.' 
I'hotOf^rnphs  wore  tnkon  4ni'lnf^  onoh  of  tho  splUwjiy  toots  nt  vnrlovu'- 
loontions  to  viotormlno  tho  ix'sltlons  of  tho  orltlonl  jvint  . Klf^nro  0 
shows  tho  oloso  nj^rooment  botwoon  tho  v'bsorvovi  .‘u»vi  t ho  ov^mpiitod  orlt  ionl 
jx'lnt  for  tests  o,  T,  niui  I’ho  v'bsorvo>i  orltlonl  ivlnt  for  tost  I'  did 
not  npi'onr  to  »'onoh  tho  svirfnoo  until  tho  ivlnt  nt  whloh  tho  flow  o\itod 
tho  splllwjvy  ohuto.  Tho  orltlonl  point  oo»»ld  not  bo  v'bsorvod  In  tho 


ot>ier  testa  because  the  flow  coiKiitious  were  such  that  the  roaminp  line 
was  present  throuj^hout  the  flow  rcf^ime. 


Kneivt-V  liOsses 

O').  The  enerf'^  losses  In  the  loft  spillway  mid  warmwater  cliutes 
were  computed  and  are  sliown  in  Flates  h mid  7,  respectively.  It  lias 
been  common  practice  in  the  past  to  use  eitlier  Mminimt's  n or  some 
otlier  open-cliannel  equation  to  determine  tlie  onerfj^'  loss  in  overflow 
spillways.  ' I'ince  Kaystown  Pfun  is  a gated  spillway  mid  is  not  a liigli 
overflow  spillway  witii  a uniformly  sloping  downstream  face,  application 
of  tlie  metliod  of  obtaining  energy  losses  discussed  in  HDC  Sheet 
111-18/5'  was  sub.lect  to  question.  Tlie  head  loss  at  each  spillwmv  probe 
was  computed  using  an  average  velocity  obtained  t'rom  the  velocity  probe 
data  and  the  water  deptli  measurement  obtained  from  the  staff  ga/'e  read- 
ings. Plate  6 sliows  the  acciunulated  head  loss  with  increasing  distance 
along  the  left  spillway  with  20  t't  of  head  above  the  crest.  The  Siuiie 
procedure  was  used  for  tests  1-ii  in  the  wai'mwater  chute  (i'late  7),  ex- 
cept that  the  losses  through  the  trash  rack  and  wet  well  were  not  com- 
puted. The  energy'  loss  computations  for  these  tests  start  at  the 
vertical  lift  gate  mid  proceed  downstremn.  The  design  curves  from 
HPO  111-18/3  for  a high  overflow  spillway  with  .a  design  head  of  20  ft 
are  presented  in  i'lates  b and  7 mid  sliow  good  agreement  between  the  de- 
sign curve  and  tiie  measured  data,  even  tliougli  the  Kaystown  spillway 
profile  is  quite  different  from  tiiat  of  a iiigii  overflow  spillway. 

Water  Surface  Profiles 

26.  As  stated  previously,  staff  gages  were  painted  .at  vtu'ious 
locations  along  the  inner  wall  of  eacli  test  cliute.  The  staff  gages 
were  oriented  perpendicular  to  floor  of  tlie  cliutes  to  enable  a direct 
visual  reading  of  the  water  deptli  mid  to  make  photographs.  It  was  t'rom 
these  photographs  that  the  critical  point  discussed  in  pm'agrnph  2U  was 
determined.  Table  3 lists  the  water  depths  mid  the  corresponding  staff 


i 


) 

i 

1 


I 

i 


gage  locations  for  all  tests.  Plates  8 and  9 show  computed  water  s\ir- 
face  profiles  plotted  along  with  the  measured  flow  depths  of  representa- 
tive tests  for  the  spillway  and  warmwater  chutes.  The  computed  profiles 

g 

were  obtained  from  a WES  computer  program  for  determination  of  flow 
profiles  in  a straight  prismatic  channel.  In  the  program.  Manning’s 
resistance  formula  was  used  and  the  value  of  Manning's  resistance  co- 
efficient and  energy  correction  factor  were  0.013  and  1.15»  respectively. 
Some  fluctuation  can  be  seen  in  the  plotted  data;  this  is  attributed  to 
the  difficulty  in  measuring  a rough  water  surfac"  le  to  waves  created 
by  the  side  walls  and  construction  Joints  (see  Figure  l). 

Flip  Bucket  Trajectories 

27.  The  length  and  height  of  the  flip  bucket  trajectories  for 
all  tests  were  obtained  from  photographs.  The  camera  and  a range  pole 
were  positioned  at  known  elevations  and  distances  from  the  center  line 
of  the  spillway  as  shown  in  Plate  10.  Several  frames  were  taken  of 
each  discharge  once  the  flow  was  well  developed.  From  these  photographs 
the  measurements  of  the  throw  distance  and  height  of  the  trajectories 
were  estimated  by  geometric  ratios  and  are  plotted  in  Plate  11.  Photo- 
graphs 1 and  2 present  the  associated  scales  for  throw  distance  and 
height  for  tests  conducted  in  the  spillway  (test  6)  and  warmwater  chutes 
(test  l).  For  convenience,  not  all  photographs  are  shown.  The  trajec- 
tories of  some  of  the  tests  were  compared  with  the  maximum  predicted 
trajectories  from  the  Raystown  Design  Memorandum  (DM)^  and  trajec- 
tories from  Raystown  model  studies. Plate  12  shows  the  comparison 
of  the  actual  and  predicted  trajectories  of  selected  flows.  The  actual 
throw  distances  were  less  than  those  predicted  in  the  DM  even  in  the 
case  of  a higher  flow  versus  a lower  flow.  This  difference  may  be  par- 
tially due  to  wind  resistance  not  considered  in  the  computations.  (See 
comparison  of  actual  trajectories  for  Q = 12,178  cfs  versus  the  DM 
predicted  trajectory  for  Q = 10,000  cfs. ) The  comparison  of  the  proto- 
type and  model  trajectories  shows  good  agreement  at  various  discharges. 
The  height  of  the  trajectory  was  consistently  higher  than  the  predicted 


21 


height.  This  difference  may  be  the  result  of  inaccuracies  in  scaling 
the  trajectories  from  the  photographs.  Some  distortion  of  vertical  and 
horizontal  distances  does  occur  in  photographs  that  are  taken  from  long 
range,  and  inaccuracies  can  result. 


PART  V:  CONCLUSIONS 


28.  The  following  conclusions  resulted  from  analysis  of  the  test 

data. 

a.  The  theoretical  boxmdary  layer  thickness  6 computed 
according  to  the  following  equation 

6 = O.Ohh'J 

s 

is  generally  confirmed  by  the  photographs  and  computa- 
tion of  the  critical  point, 

b.  The  equivalent  sand  grain  roughness  K = 0.00152  ft 
determined  for  the  Raystown  Spillway  agrees  well  with 
results  of  previous  investigations. 

c_.  The  performance  of  the  velocity  probes  was  satisfactory. 
However,  a more  accurate  determination  of  the  boimdary 
layer  location  could  have  been  obtained  had  the  probes 
been  long  enough  to  encompass  the  entire  depth  of  flow. 

d.  The  flip  bucket  trajectories  obtained  at  Raystown  agree 
well  with  those  values  obtained  from  the  model  investiga- 
tion and  design  data.  However,  an  accurate  determination 
of  trajectories  is  difficult. 

The  energy  loss  data  presented  in  Plates  6 and  7 show 
significant  agreement  with  the  design  curve  from  HDC  111- 
18/3,  although  the  profile  of  Raystown  Spillway  chute  is 
quite  different  from  that  of  a typical  high  overflow 
spillway. 


[ 

! 

i 

f ki-;fhhknci<;i< 

i 

I l.  Tiiuk  Koroo  on  Frlotlon  Fiiotora  in  Opon  01iiint\ol n , "Frlotion  Fiu'torn 

I In  OptMi  Chnimoin,"  .tourt\n.l.,  llydrunlion  Divlt-Mon^  /Vmorlo.'in  iVvlot.y 

I of  i-l  V il  Fiik  1 noorr. , Vol  8^),  No.  11 Y?,  I'upor  , Mnr  l^(i8,  p 07. 

.1.  I’uKh,  C.  A.,  ";>plllwH.v  Vll'rnt.lon,  Froiuiuro,  ^ln^l  Vohn'it.y  Monnuro- 
! nu'iiti!,  OiT.ai’k  Uiok  luul  Oiim,  ArK(U\nnn  Hlvor,  Arkanniin 'roohnlonl 

I Fopi.x't  !l-77-i’»  Ape  L077 . I*,  ll.  Ai'iiiy  Knf.:inoc'i'  W.’it.oi’wa.vn  Kxpor Inioni 

FI. at.  Ion,  OK,  V lokalmi'K*  Ml  an. 

I 1.  Fohl  ioht  liif.'.,  11.,  Honiulary-liayor  Thoory  , (^t.h  od.  , MoO.raw-ll  1 1 1 , Now 

York,  10(kM. 

. Koilor,  It.  .1.,  l,ai  , K.  K.  , anil  Wood,  1.  H.  , "nt'voiopl  tiK  lUvtion  In 
Fo  I I'-AoraLod  Flown,"  .lonrna  1 , llydranilo  nivtalon,  AiiKx’loan  Fiooioty 
i of  Olvll  F,nt;liuaM’ii , Vol  LO'jOl,  llY^i,  Apr  IW7V,  p Vit. 

II.  F.  Army  (’orpa  i.it'  Kn^’:  1 lu'ora , "ll,vdranl  io  IV'alKn  Orifi'ria,"  proparod 
t'or  ort'Uv',  Ohioi'  of  Kiiftlnoora,  by  0-  F>.  Army  Fuf-tlnoor  Wat.orwfi,va 
[ KxporlmonL  Ft.ation,  OK,  V lokabniY’: , Miaa.,  iaanod  aorially  alnoo 

\ i9r>o. 

I 

1 b.  U.  Fi.  Army  Knttlnoor  Wat.orwaya  KxporlmonL  FtaLlot\,  OK,  "'I'nrbnlont. 

1 Bound.ary  Kayoi  Povo  1 optmait.  on  Fpillwaya,"  Mlaool  l.anoovia  I'apor 

i Jnl  l')()l,  Viok.abntY':,  Miaa. 

7* » "A  Fd.uiiy  of  Fpill.wj»,v  Knoivty  boaaoa  Purlnp,  Povo lopm<'nt. 

[ ol'  Lho  Tarbulont.  Boundary  bayor,"  Ml  aool  lanoona  I'apor  Apr 

hJtdt,  Viokr.lHit>', , Miaa. 

8.  Brown,  B.  .1.  "11b. ’’OP — Flow  Prof  i lo  in  Fd. r.a  i ^lit.  Non-0 i ro\il ar  Pria- 
mal.  lo  Ohannola  Ualn^.';  Klt.lior  Manning';,  Ohov.y,  or  Ool obrook-Whl  t o 
■ Hi'atat.anoo  Formula,"  KlooLronto  OompuLc'r  Prof-ti'am  No.  '(■;’P-F('-K0-bAl'', 

dill  I07F,  U.  S.  Aniiy  KiiKinoor  WaLorwfi,va  Kxporimont  Pdat  lon,  OK, 

Vlokabnrf, , Mlar. . 

i 

'I.  U.  Fi.  Army  Knpilnoor  Piat.riot  , BaU.lmoro,  OK,  "Hayat.own  Hoaorvoir, 
i Hayat.own  Branrli,  .luniat.a  Hlvor,  Ponnay  1 van  1 a , F-uaquohanna  Hlvor 

! Baaln;  Fiplllway  and  OiiLlid.  Worka,"  Poalr.n  Momo  No.  (1,  Nov  lb('(' 

(rt'viaod  F.op  l.'Hff),  BalLlmoro,  Md;  pi'oparod  by  U.  F.  Arm.V  Ktiftiiua'r 
' Plat.rloL,  Port. land,  OK,  Port.land,  On'. 

I ; 10.  Oawall. , N.  H.  , Mnrpliy , '1'.  K.,  "Ot.al.od  F'ptllwa,v  for  Htiyat  own  Koaor- 

I voli',  .luniat.a  Hlvi'r,  Ponnay  1 van  la  ,"  'I'l'ohnloal  Ht'port.  ll-'i’O-l'',  Poo 

I 1.070,  U.  F.  Army  Knp.inoor  Wat.orwaya  Kxpor  1 nu'iit.  Fd.at  ion,  OK, 

[ i Viokaburjt,  Miaa. 


I 

I 

I 

f 


Table  1 

Warmuater  Chute  Velocity  Profiles,  in  Feet  per  Second 


Distance 


^rom 

Spillway  Probe Probe 


Floor , ft 

5 

6^ 

7 

8 

5 

6 

7 

8 

Test 

_1 

Test 

_2 

O.9U 

1+2. 91 

62.80 

1+7.27 

53.88 

40.45 

0.81 

1+1.95 

1+8.10 

57.1*3 

63.20 

1*6.53 

53. 9I* 

53.79 

39.18 

0.69 

28.37 

1+7.20 

52.25 

6l.il+ 

3l*.l*2 

52.79 

48.15 

33.90 

0.56 

1+3.72 

53.25 

60.53 

# 

52.29 

48.07 

29.48 

O.kk 

* 

1+3.69 

57.1*3 

59.25 

38.99 

1+9.61 

48.57 

24.33 

0.33 

3I+.O9 

1+2.88 

56.38 

57.29 

1+1.18 

1+9.  oi+ 

« 

0.23 

33.56 

39.1*7 

59.69 

38.0 

1+5.18 

50.57 

70.48 

0.17 

31.1+0 

38.10 

58.50 

36.88 

1*3.98 

50.08 

74.94 

0.10 

31.20 

36.03 

51*. 1+6 

55.33 

31*.  73 

1+0. 90 

48.92 

54.51 

O.Olt 

27.75 

30.56 

1+9. 1+1+ 

1*9.52 

31.28 

36.1+1 

47.90 

48.93 

Test 

2 

Test 

_4 

0.9^* 

1+6.51 

* 

57.83 

57.1*7 

it 

it 

0.81 

1+6. Ul 

1+8.87 

58.12 

61.78 

* 

it 

0.69 

1*8.77 

58.07 

36.83 

33. 3I* 

it 

it 

0.56 

1*7.31 

55.77 

36.16 

1+2.50 

47.61 

48.68 

o.i*i* 

1+5.22 

1+7.61+ 

31+.16 

1+2.04 

45.73 

40.77 

0.33 

1+0. 3I+ 

1*3.85 

1+8.71 

51.52 

33.1*9 

41.32 

47.24 

45.56 

0.23 

38.80 

1+1.80 

1+6 . 58 

53.20 

31.01+ 

38.12 

42.96 

43.19 

0.17 

36.70 

39.65 

1+1+.06 

UI+.60 

29.21+ 

35.97 

40.87 

37.45 

0.10 

3i+.69 

36.90 

1+1.19 

1*0.70 

26.68 

33.76 

38.04 

34.22 

O.OU 

30.50 

32.89 

37.39 

36.17 

21+.1+9 

29.79 

34.25 

31.67 

* Piezometer  line  clogged. 
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.08 

70, 

03 
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52 
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.04 
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.0 
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26 
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25 

64 . 87 
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,34 
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4l, 
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.85 
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28 
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58. 
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.0 
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5b. 

.29 
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02 
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,86 
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R 

63. 

36 

70.03 
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0.81 
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57 . 

,17 

72. 

,02 
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.03 

85, 

,82 

52 

.98 

61, 

.60 

69 . 56 
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54 
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69. 
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54 
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69 
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32 
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83. 
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52 
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,19 

57. 

,68 
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84, 
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50 

.61 

53. 

,44 

« 

71.12 
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0.23 

42.30 

48. 

,26 

70. 

.58 

76, 

,28 

86. 

,95 

47 

.30 

50. 

,44 

56.64 

68.71 

81 . 68 

0.17 

4l.l8 

45. 

.65 

67. 

.17 

73. 

.47 

82. 

,75 

46 

.62 

48. 

08 

55.04 
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76. 78 

0.10 

.38.45 

42. 

,56 
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.34 
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.23 

79. 

,56 

43 

.30 

45. 

,02 

51.74 
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73.33 
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.57 

60, 

.98 
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.06 

71. 

.87 

39 
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4o, 
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Ftezometcr  line  eloKKeil. 


Wnrmwater  Chute  Water  Depths . ft 

Teat  1 

Test  2 

Test  3 

Test  It 

Cate 

Gate 

Gate 

Gate 

Open 

Open 

Open 

Open 

Station 

6.0  ft  (Full) 

3.8  ft 

2.6  ft 

1.0  ft 

13+00 

It.  80 

3.00 

1.75 

1.00 

13+85 

14.85 

2.20 

1.50 

0.75 

114+75 

3.85 

2.25 

1.50 

0.80 

15+57 

2.00 

2.20 

1.60 

0.85 

Left  Spillway  Chute 

Water  Depths , 

ft 

Test  5 

Test  6 

Test  7 

Tes  t 8 

Gate 

Gate 

Gate 

Gate 

Open 

Open 

Open 

Open 

2.1  ft 

5. It  ft 

8.8  ft 

15.0  ft 

12+55 

1.20 

2.50 

3.50 

it. 75 

13+00 

1.25 

2.50 

3.30 

It.  50 

1 1+  38 

1.25 

2.140 

3. 10 

It.  00 

1 3+85 

1.25 

2.20 

3.00 

It.  00 

1 14+30 

1.25 

2.25 

3.00 

It.  00 

114+75 

1..20 

2.25 

2.80 

It.  00 

15+16 

1.20 

2.25 

2.50 

3.80 

15+57 

1.20 

2.25 

2.50 

3.80 

15+9G 

1.30 

2.20 

3.00 

It.  50 

16+20 

1.50 

3.00 

3.75 

It . 50 

Photo  1.  Determination  of  flip  bucket  trajectories  and  heights  from  actual  photographs  (Test  l) 


CP€ir Cl  9/3  0 


DISTANCE  ABOVE  SPILLWAY  FACE.  FT 


OtSTANCC 


WARMWATER  CHUTE  DEPTHS 
COMPUTED  AND  MEASURED 


rAdWArFRX  s 


ItFT  SPUlWAY  CMUTC  TESTS 


^ t 

TAIl\M^ttt_J4Q0.;_^ 


WARMWAieR  CHUTE  TESTS 


THROW  EDSTANCE  , ET 


FLIP  BUCKET  TRAJECTORIES 


PLATE  n 


EUVATION,  JI  MSL_  elevation,  fT  MSL 


I 


I 


PLATE  12 


COMPARISON  OF  ACTUAL  AND 
PREDICTED  FLIP  BUCKET  TRAJECTORIES 


APPEINDIX  A:  NOTATION 
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II 


K^/P 


d 

Q 

u 

u» 
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y 
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Dimensional  constant 
Dimensionless  constant 
Dimensional  constant 
Dimensionless  constant 
Local  skin  friction  coefficient 
Depth  of  flow,  ft 

2 

Acceleration,  ft/sec 

Elevation  of  upstream  water  surface,  ft 

Equivalent  sand  (7,rain  rou*.^hne3s 

Relative  sand  grain  roughness 

Unit  discharge,  cu  ft/sec/ft  of  chute  width 

Test  discharge,  cu  ft/sec 

Local  velocity,  ft/sec 

Shear  velocity,  ft/sec 

Free  streajn  velocity,  ft/sec 

Distance  downstream  from  leading  edge  of  the  plate 

Vertical  distance  from  the  chute  floor;  distance  from  wall 

Elevation  of  local  water  surface,  ft 

Theoretical  boundary  layer  thickness 

Fluid  density,  slugs/cu  ft 

Boundary  shear  stress,  Ib/sq  ft 
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In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a facsimile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 


Fagerburg,  Timothy  L 

Spillway  velocity  measurement  and  flip  bucket  trajectory, 
Raystown  Dam,  Juniata  River,  Pennsylvania  / by  Timothy  L. 
Fagerburg.  Vicksburg,  Miss.  : U.  S.  Waterways  Experiment 
Station  ; Springfield,  Va.  : available  from  National  Tech- 
nical Information  Service,  1979. 

2A,  1 p.  , 12  leaves  of  plates  : 111.  ; 27  cm. 

(Miscellaneous  paper  - II.  S.  Army  Engineer  Waterways  Ex- 
periment Station  ; HL-79-3) 

Prepared  for  Office,  Chief  of  Engineers,  U.  S.  Army,  Wash- 
ington, D.  C. , and  U.  S.  Army  Engineer  District,  Baltimore, 
Baltimore,  Md. 
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